Germline mutation rates in humans have been estimated for a variety of mutation types, 30 including single nucleotide and large structural variants. Here we directly measure the germline 31 retrotransposition rate for the three active retrotransposon elements: L1, Alu, and SVA. We 32 utilized three tools for calling Mobile Element Insertions (MEIs) (MELT, RUFUS, and 33
Introduction 45
retrotransposons in humans: the autonomous long interspersed element 1 (L1), and two non-52 autonomous elements, the Alu short interspersed elements (SINE), and the composite element 53 SINE-R-VNTR-Alu (SVA). These three retrotransposon families alone account for >25% of the 54 human genome, and younger copies are polymorphic for their presence or absence in humans 55 empirical study of heritable germline retrotransposition and retrotranspositional timing in multi-68 generation pedigrees. Moreover, it is unknown whether human germline retrotransposition is 69 affected by the parent's age or sex, or whether retrotransposition rates differ among pedigrees. 70
To characterize de novo MEIs in a non-disease cohort, we analyzed WGS data from 71 blood-derived DNA obtained in the 1980s and 1990s from 603 Utah Centre d'Etude du 72 tools (MELT, RUFUS, and TranSurVeyor) to identify de novo L1, SVA, and Alu 75 retrotransposition events (Gardner et al. 2017 ; Rajaby and Sung 2018) . With the three-generation 76 pedigrees we are able to assess the parental origin and, for the first time, developmental timing of 77 retrotransposition events. We now provide the first direct estimates of de novo Alu, L1, and SVA 78 retrotransposition rates based on WGS data from three-generation families. We find the Alu de 79 novo insertion rate to be lower than phylogenetic-based estimates and the L1 and SVA insertion 80 rates to be substantially higher than previous estimates. In addition, our three-generation 81 pedigree data allow us to assess and verify Mendelian transmission patterns of de novo MEIs, 82
permitting an evaluation of the accuracy of several popular MEI-calling methods. 83 Table S4 ). 117
Results

84
With our three-generation pedigrees, we were able to identify obligate carriers of a MEI 118 in the F1 generation as individuals whose parent (P0) carried the MEI and whose offspring (F2) 119 inherited the MEI (Supplemental Figure S3 ). This allowed us to estimate MELT's sensitivity to 120 detect all MEIs as 94% when using its standard filters (which exclude many incorrect calls) and 121
68% without filters. For de novo MEIs only, we estimate sensitivity values for MELT, RUFUS, 122
and TranSurVeyor calls as ~74%, 88%, and 77%, respectively. Using only loci that passed 123 Table S4 . 163 164
Several de novo MEIs have hallmarks of retrotransposition activity 165
To determine whether any of the de novo Alu elements are capable of further 166 retrotransposition, we examined each element for its potential capacity for retrotransposition 167 To identify potentially active L1/SVA elements, we focused on the full-length de novo 176 elements in our dataset. L1 #2 is potentially active because it is not truncated relative to its 177 source element and has two intact open reading frames (ORFs 1 and 2) as determined by 178
L1Base2 (Penzkofer et al. 2017 ). L1 #7 is full-length, but we were unable to sequence the ORFs 179 to determine activity potential. The other six L1 elements are 5' truncated and therefore not 180 active. SVA #2 is the only element with the CCCTCT hexamer promoter and may be active,although we were unable to sequence through the VNTR region. SVA #6 and #8 are de novo 182 SVA_F1 elements with the full MAST2 promoter and therefore could be active. The other SVA 183 elements do not contain the CCCTCT hexamer but may be transcribed if they inserted 184 downstream of a promoter. 185
Identification of source elements 186
We used the human reference genome (hg19) and reconstructed fasta files from the 187 MELT output to identify potential source elements of the de novo MEIs (Figure 1, Methods) . 
SVA elements. 197
We identified the unique source element for the three L1 elements with 3' transductions 198 (Figures 1 and 2) . L1 #2 contains an 82bp 3' transduction that maps to an active L1 on 4q25. L1 199 #4 contains an 846bp 3' transduction from a L1 on chr5q22. L1 #6 is a 497bp orphan 3' 200 transduction (i.e., the entire L1 was 5' truncated) that maps to the 3' end of a ~2kb 3' 201 transduction from chr13q21.2. We identified four additional 3' transduction events from these 202 source elements in our dataset by examining the source loci in IGV (Figure 2A , Supplemental 203 Table S8 ). All three source elements are non-reference insertions, polymorphic across nearly all 204 Table S9 ). 212
Transmission of de novo F1 MEIs 214
We analyzed haplotypes of six F1 MEIs (three Alu, one L1, and two SVA) to infer the 215 stage at which the retrotransposition event occurred during development. Using the haplotype of 216 the F2 individual(s) that inherited the de novo MEI, all six F1 insertions were phased to the 217 paternal (maternal grandfather) chromosome (Supplemental Tables S10-S15). The three F1 Alu 218 elements were transmitted to the F2 at roughly Mendelian ratios, and the Alu insertions were 219 always co-inherited with the maternal grandfather's chromosome. However, L1 #4 and SVA #2 220 and #6 are not transmitted at the expected ratios (χ2 test with 1 degree of freedom, two-tailed p-221 value < 0.02). These MEIs were only transmitted to one offspring each, and there were multiple 222 offspring in each pedigree that inherited the maternal grandfathers' haplotypes but not the MEIs. 
Parental Origin of de novo MEIs 235
We identified the parental origin of 17 (six F1 and 11 F2) of the de novo MEIs using sex 236 chromosome hemizygosity, haplotype phasing, and SNP-based phasing approaches (Methods). 237
Eight Alu elements were transmitted on the paternal chromosome, and one element was 238 transmitted on the maternal chromosome (exact binomial test, p-value < 0.04). Two and three of 239 the SVA elements were transmitted on the maternal and paternal chromosomes, respectively. In 240 addition to the two hemizygous L1 elements on the X and Y chromosomes, another L1 element 241 was transmitted on a paternal chromosome. The average paternal age at conception for 242 paternally-phased de novo MEI (31.21 years) is the nearly identical to the total average father 243 age (31.41 years) (two tailed p-value > 0.9254). The average mother's age for children with 244 phased de novo MEI is four years younger than the average age (24.2 vs 28.5 years) but not 245 statistically different (two-tailed p-value < 0.232). We conclude that there is a statistically 246 significant paternal sex bias with respect to Alu retrotransposition, and that, although the data are 247 limited, there were no parental age biases in retrotransposition. 
MELT was used previously to identify de novo MEI transmission in 519 quartets in the 258
Alu retrotransposition rate in SSC is nearly identical to the estimate in this study, but our L1 and 261 SVA retrotransposition rates are 2.4x and 6.3x higher but do not differ significantly (see 262 confidence limits in Figure 4) (Werling et al. 2018 ). The latter differences reflect in part our use 263 of multiple MEI-calling tools, which showed that MELT detects 91% of de novo Alu elements 264 but only 75% of L1 and 50% of SVA elements. These two datasets both estimate an Alu 265 retrotransposition rate that is 2-fold lower than previous phylogenetic and disease-based 266 estimates. Given MELT's high sensitivity for Alu detection (Gardner et al. 2017 ) as well as the 267 use of multiple MEI-calling tools, it is unlikely that our lower rate is due to false negative calls. 268
Instead, it is likely that the phylogenetically estimated rate is affected by assumptions about the 269 divergence time of humans and chimpanzees, the effective population size of the human-270 chimpanzee ancestral population, and retrotransposition rate variation over time (Roach et 
CEPH individuals 332
Blood-derived DNA samples from 603 individuals, including 458 trios within larger 333 pedigrees, were collected from either the original CEPH cohort (Dausset et al. 1990) 
or the Utah 334
Genetic Reference Project (Prescott et al. 2008 ). These samples were whole-genome sequenced at 335 ~30x coverage at Washington University in St. Louis. Evaluation by peddy identified ten 336 individuals with a het_ratio > 0.2 who were also declared duplicates, indicating sample 337 contamination prior to sequencing (Pedersen and Quinlan 2017). All 18 trios with these individuals 338 were removed from the rate estimate post-IGV evaluation. Therefore, 440 births were used in the 339 rate estimates. 340
Identification of MEIs in the CEPH dataset 341
We used three complementary approaches to identify de novo MEIs in this dataset. All 603 342 individuals were joint-called with the Melt-Split protocol in MELT (v2.14) for detection of Alu, 343 L1, SVA, and HERVK (HML2) elements using the consensus transposon files provided by MELT 344 (Gardner et al. 2017 ). Approximate coverage estimates for the IndivAnalysis step were calculated 345 using the covstats tool (goleft v0.1.17 https://github.com/brentp/goleft). To increase sensitivity, 346 loci were not filtered using the filtering criteria provided by MELT. To identify de novo MEIs in 347 F1 and F2 simultaneously, Genotype Query Tools (Layer et al. 2015 ) was used to identify loci that 348 were restricted to a unique CEPH pedigree and homozygous reference in the grandparents (and 349 parents missing at least one grandparent) in that family. All 458 trios were processed throughRUFUS, and all structural variant breakpoints were extracted for detection of L1-associated 351 retrotransposition events (https://github.com/jandrewrfarrell/RUFUS). RUFUS was unable to 352 successfully process trios 1788, 2020, and 4877. Each sample was individually processed through 353
TranSurVeyor, and unfiltered breakpoints with less than 4 discordant reads of support were 354 removed (Rajaby and Sung 2018). Then, we merged overlapping breakpoints in each individual 355 using the bedtools merge command (Quinlan and Hall 2010) , and merged samples into three bed 356 files: F1, F2, and P0. We next used bedtools intersect to identify F1 loci absent in the P0, and F2 357 loci absent in the F1 and P0 bed files. Sensitivity of the tools were measured after all 27 de novo 358
MEIs were validated. Each locus was visualized as a trio in IGV to identify candidate de novo 359
MEIs (Robinson et al. 2013) . 360
ME-Scan Protocol 361
ME-Scan was performed on blood-derived DNA of 464/603 CEPH individuals prior to 362 sequencing on the Illumina 2000 platform. Two individuals (grandparent and offspring) failed 363 sequencing and were dropped from the analysis. Data were mapped to hg19 using bwa align 364 (bwa version 0.7.9a) (Li and Durbin 2009 ) and uploaded to SQL developer for analysis. Read set 365 processing was the same as described in (Witherspoon et al. 2013) . A detailed report of the ME-366
Scan protocol including primers is reported in (Feusier et al. 2017 ) and Supplementary Methods. 367
De novo elements were detected by finding loci that were present in at least one offspring and 368 absent in the parents/grandparents. Loci with less than eight reads of support were removed, 369 based on (Feusier et al. 2017) . 370
Analysis of candidate breakpoints for validation 371
After IGV evaluation, the de novo TE insertion breakpoints provided by the three tools Polymerase protocol (using 5x GC buffer) and Q5 Hot Start DNA Polymerase (using GC 383 Enhancer). The thermocycler conditions were: initial denaturation at 98°C for 30s, 40 cycles of 384 denaturation at 98°C for 10s, optimal annealing temperature (58°C-68°C) for 30s, extension at 385 72°C for 30s-3 minutes, and a final extension at 72°C for 5 minutes. Every primer set reaction was 386 performed on the pedigree with the candidate de novo MEI, a positive control, and H2O. PCR 387 amplicons were run on a 1-2% gel containing 0.12mg/ml ethidium bromide for 75-90 min at 120 388 V. Gels were imaged using a Fotodyne Analyst Investigator Eclipse machine. Bands were cut out 389 and purified for Sanger sequencing using the Qiagen Qiaquick gel extraction kit. 390 L1 and SVA elements were amplified using the ThermoFisher Platinum SuperFi DNA 391 polymerase and cloned using ThermoFisher Zero Blunt Topo II/4 kits. We followed the Platinum 392 SuperFi PCR setup for 25ul reactions using 2ul of starting DNA (~5ng/ul). For the PCR 393 procedure, each reaction was denatured at 98°C for 30 seconds, and then amplified for 35 cycles 394 (98°C for 10 seconds, annealing for 10 seconds, an extension of 72°C for 30 seconds or longer 395 based on amplicon size). Annealing temperatures were estimated for each primer pair based onThermoFisher calculations. A final extension was performed at 72°C for 5 minutes. The 397
Invitrogen PureLink Quick Plasmid MiniPrep Kit was used to extract DNA from the clones. 398
Clones were Sanger sequenced through the whole length of the fragment (Supplemental Table  399 S7). We used several internal primers from previous studies (Scott et al. 2016; Feusier et al. 400 2017). The 3 F1 L1/SVA elements were analyzed in the F2 offspring due to the availability of 401
DNA. 402
Investigation of Source Elements 403
MELT lists differences from the consensus for each MEI locus in the DIFF section of the 404 INFO column (Gardner et al. 2017 ). These differences were extracted and converted to fasta 405 format using the MELT consensus transposon fasta file as the reference. A custom python script 406 was used for this step and is available upon request. Each de novo MEI sequence was compared 407 to the MELT fasta file using the "grep" command to identify potential source elements. The de 408 novo MEIs were also compared to the hg19 reference genome using Blat ( Table S9 ). Tables S1-S15  463 
